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(57) Abstract: A system and method for identifying primary color chromaticity coordinates of a red, green and blue light sources 
includes a tristimulus filter the receives the combined light generated by the light sources. The light sources are preferably a group 
of red, green and blue light emitting diodes. A processor is configured to generate a plurality of test control signals that sets a desired 
intensity value for each of the red, green and blue LEDs. Based on these test control signals, the system is configured to measure three 
sets of chromaticity coordinates corresponding to the combined light generated by these red, green and blue LEDs. The processor 
thereafter calculates the color chromaticity coordinates of the LEDs, based on the measured coordinates of the combined light, and 
the intensity values of the LEDs, and the intensity values of the combined light. This calculation in accordance with one embodiment 
of the invention is accomplished by solving a matrix equation. Once the color coordinates of the individual light sources is uniquely 
calculated, the system measures die intensity values of light for each of the light sources that is necessary to provide a combined 
light with a desired color chromaticity coordinates. These intensity values can be used in a feedback control circuit to maintain the 
desired combined light as the LEDs change their characteristics from batch to batch or over time. 
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SYSTEM FOR MEASURING CHROMATICITY COORDINATES 

This invention relates to a color coordinate measurement system and more 
specifically to an RGB primary color point identification and measiirement system. 

There is a continuous stride to improve the ways to calibrate color images 
generated by electronic systems, such as scanners, displays, printers, etc. With the increasing 
5 use of light emittiag diodes (LEDs) in a variety of applications, many manufacturers of 
devices that employ LEDs need efficient and reliable schemes to ensure quaUty and 
consistency in their products. 

However, it is well known that due to various reasons, LEDs do not exhibit 
consistent characteristics. For example, various batches of LEDs manufactured imder similar 
10 factory conditions generate light that falls within a range of physical properties. Furthermore, 
those LEDs that have exact same characteristics at the outset, may perform differently over 
time due to dissimilar use and aging process. 

An exemplary use of LEDs is the process of generating a white light by 
employing primary colors of Red, Green and Blue (RGB) LEDs. For example, many LCD 
1 5 monitors use an array of red, green and blue LEDs to generate a white backlight. In order to 
ensure that the white light has a consistent color temperature and intensity, many 
manufacturers employ complex calibration schemes which leads to higher manufacturing 
costs. 

The reason that it is difficult to ensxire that a device such as a monitor 
20 generates a consistent white backlight is that the color coordinates for each of the red, green 
and blue light sources is hard to measure. In accordance with one prior art scheme, it is 
possible to measure the color coordinates for each primary red, green and blue light sources 
by performing a sequential measurement procedure as explained below. 

During the first step of this sequential procedure, the red and green light 
25 sources are turned off, and only the blue primary color point is measured. Then, the red and 
blue light sources are turned off, and the green primary color point is measured. Finally, the 
green and blue light sources are tumed off, and the red primary color point is measured. 
However, this scheme does not have a high numerical accuracy, as will be explained in more 
detail in reference with Figs. 4 and 5, 
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Thus, there is a need for a system that can accurately and economically 
measure the color coordinates for each primary red, green and blue light sources, such as 
LEDs so as to generate a consistent and desired white light or for that measure any light that 
employs these three primary light sources. 
S In accordance with one embodiment of the present invention, a primary color 

identification system includes a plurality of red, green and blue LED light sources configured 
to generate a desired RGB light having a specified chromaticity coordinates. A color filter, 
such as a tristimxilus filter is disposed near the generated RGB light, and is coupled to a 
processor that is employed to measure the chromaticity coordinates of each of the red, green 

10 and blue LED light sources. The system also includes a controller and driver circviitry that is 
configured to control and maintain the intensity of light (or lumen output level) generated by 
each of the red, green and blue LEDs. The system for a given intensity of the red, green and 
blue LED light source, measures the intensity of the generated RGB light, while the color 
filter measures the chromaticity coordinates of the generated RGB light Based on these 

1 5 measurements, the system is configured to detect the chromaticity coordinates of each of the 
red, green and blue LED light sources. 

Once the chronoiaticity coordinates of the LED light sources is known, the 
system configures the controller and driver circuitry to maintain the desired intensity (or 
lumen output level) of each of the red, green and blue LED light sources, so as to maintain 

20 the desired chromaticity coordinates of the generated RGB light. 

In accordance with another embodiment of the invention, a method for 
determining the color coordinates of primary colors that together generate a desired light 
source, is introduced. The primary colors that generate a desired light source may be red, 
green and blue LED light sources. The method includes the step of setting the intensity of 

25 each of said red, green and blue light sources at a specified test level. The method is followed 
by the step of measuring the color coordinates of the combined light source by using a color 
filter. The method then repeats the preceding two steps, so as to measure a plurality of color 
coordinates of the combined light source, each coordinate corresponding to a different set of 
test intensity levels for each of the red, green and blue light sources. The method is foUowed 

30 by the step of measuring the primary color coordinates of each of tiie red, green and blue 

LED light sources, and finally, providing a feedback arrangement to maintain the intensity of 
the three LED light sources at a level that leads to a combined light source with a desired 
chromaticity coordinate. 
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In accordance with another embodiment of the invention, the different 
intensity values for each red, green and blue light source is set such that for each set the 
intensity value of the combined light source remains the same. In accordance with yet 
another embodiment of the invention many test sets are employed and the primary color 
5 coordinates for each of the red, green and blue light sources is calculated by applying a least 
mean square estimation technique. 



Fig. 1 illustrates a block diagram of a primary color identification system in 
1 0 accordance with one embodiment of the invention. 

Fig. 2 is plot of a chromaticity diagram employed by the primary color 
identification system in accordance with one embodiment of the invention. 

Fig. 3 is a flow chart illustrating the process of primary color identification in 
accordance with one embodiment of the present invention. 
1 5 Figs. 4a- 4c illustrate schematic diagrams of tristimulus filters employed in 

accordance with some embodiments of the invention. 

Figs. Sa and Sb are plot diagram illustrating examples of a spectral response 
function of filters employed in accordance with one embodiment of flie present invention. 

20 

Fig. 1 illustrates a block diagram of a primary color identification system 10 in 
accordance with one embodiment of the invention. The system is configured to determine the 
chromaticity coordinates of primary colors generated by red, green and blue LEDs that 
together provided a white light in an LCD monitor 12. The white light in this example is 

25 generated for backlighting the LCD monitor. It is noted that the invention is not limited in 
scope to this example, and system 10 in accordance with other embodiments of the invention 
can be employed to determine the color coordinates of primary colors that together form any 
desired light source. 

A filter 14 is disposed in fi'ont of monitor 12 so as to measure certain 

30 characteristics of the vAdte light generated by LCD monitor 12. As will be explained in more 
detail later in reference with Figs. 4 and 5, filter 14 in accordance wifli one embodiment of 
the invention comprises a photo sensor with color filters that together operate as - what is 
known in the industry - a tristimulus filter. 
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Filter 14 is coupled to an interface circuit 16 that is configxired to receive the 
signals generated by filter 14, and condition these signals for use with a primary color 
identification processor 18. As such processor 18 is coupled to interface 16, and is configured 
to take the steps necessary to determine the color coordinates of individual red, green and 
5 blue LED light soiirces employed in monitor 12. 

The operation and structure of tristimulus filter 14 is well known. Figs. 4(a), 
4(b) and 4(c) illustrate block diagran:is of three exemplary tristimulus filters that are 
employed in accordance with various embodiments of the invention. Basically^ a tristimulus 
filter is configured such that the spectral response functions of the filters are directly 

10 proportional to the color-matching functions of CIE standard colorometric observers. 

Fig. 4(a) illustrates the arrangement and function of a tristimulus filter 140. 
The tristimulus filter of Fig. 4(a) includes three glass filters 142, 144 and 146, each of which 
are configured to filter respectively the red, green and blue lights contained in a light 
generated by source 122 and reflected by a test object 124. One or more photocells 154 are 

1 S disposed behind the glass filters to measure the light output for each of the red, green and 
blue light components. Registers 148, 150 and 152 are configured to store the light 
information corresponding to CIE 1931 standard observer. Thiis, register 148 stores 
information corresponding to the light passing through filter 142. Similarly, register 150 
stores information corresponding to the li^t passing throu^ filter 144. And, register 152 

20 stores information corresponding to the light passing through filter 146. 

To this end. Fig. 5(a) illustrates a plot which depicts the spectral response 
functions and the degree to which a photocell, such as 154, combined with tristimulus filters 
140 may best duplicate the color-matching functions of the CIE 1931 standard observer. The 
solid curves illustrate the CIE standard observer data, and the dotted curves illustrate 

25 response of the photocell with tristimulus filter arrangement. 

Other examples of tristimulus filters are illustrated in Figs. 4(b) and 4(c) 
wherein filter glass layers are disposed over a filter substrate. Therefore, as illustrated in Fig. 
4(b) a substrate 168 receives a glass layer 166, overlapped by a glass layer 164, vMch in turn 
is overlapped wifli a glass layer 162. Fig. 4(c) illustrates another variation of glass layers 

30 wherein layer 172 does not completely cover layer 174, and layer 174 does not completely 
cover layer 176. 

To this end. Fig. 5(b) illustrates a plot which depicts the spectral response 
fimctions and the degree to which a photocell, such as 154, combined with the tristimulus 
filters 160 or 170, may best duplicate the color-matching functions of the CDS 1931 standard 
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observer. The solid curves illustrate the CIE standard observer data, and the dotted curves 
illustrate response of the photocell with tristimulus filter arrangement 

System 10 also includes a controller 20 that is coupled to processor 18. 
Controller 20 is configured to generate test signals that are estimated by processor 18 in order 
to determine the color coordinates of each of the red, green and blue light sowces employed 
in monitor 12. Furthermore, controller 20 stores the color coordinate information so as to 
control the signals used to drive the light sources to maintain the generated light by monitor 
12 at a desired level. 

In accordance with one embodiment of the invention, controller 20 includes a 
memory unit 24 coupled to a processor 26. Memory 24 stores, among other infomiation, the 
primary color coordinates of each of the red, green and blue LED light sources used in 
monitor 12. Memory 24 is coupled to a signal generator 22, which is configured to generate 
driving signals, such as current signals, provided to the red, green and blue LED light 
sources. 

Controller 20 includes a feedback arrangement, so as to allow the system to 
maintain a desired white light generated by monitor 12. This feedback arrangement includes 
a mixer 28 that is configured to receive feedback signals firom monitor 12 so as to compare 
with the driving signals generated by generator 22. Processor 26 sets the desired signal levels 
generated by signal generator 22 based on the information stored in memory unit 24. 

The operation of primary color identification processor 1 8 is e^lained in 
more detail hereinafter. Generally, the sensation of color is evoked by the physical 
stimulation of Light-sensitive elements in the himian retina. This physical stimulation consists 
of electromagnetic radiation in the visible spectrum comprising wavelengths between 380mn 
and 780 imi. The light sensitive elements in the human eye, called cones, can be separated 
into three classes, each class being sensitive to a different spectral distribution of the 
radiation. As a result, many different spectral distributions can produce the same perceived 
color. This means that the spectral distribution of two compared colors might differ even 
when the colors are perceived to match. 

However, in an application that employs RGB LED light sources, it is 
important to identify the color coordinates of each red, green and blue light source 
components, in order to control and maintain the desired combined light color and intensity. 

Fig. 2 is a plot of a chromaticity diagram as defined by the International 
Lighting Committee, abbreviated as CIE (Commission Internationale de TEclairage), and 
used by processor (1 8) in accordance with one embodiment of the present invention. 
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Basically, the CIE chromaticity diagram of Fig. 2 illiistrates information relating to a 
standard set of reference color stimuli, and a stax^dard set of tristimulus values for them. 
Typically, the reference color stimuli are radiations of wavelength 700 nm for the red 
stimulus (R), 541 .6 nm for the green stimulus (G) and 435.8 nm for the blue stimulus (B). 
Different color points along curve 60 can be combined to generate a white light depicted at 
point 62. The chromaticity diagram shows only the proportions of tristimulus values; hence 
bright and dim colors having the same proportions belong to the same point 

A desired white light at point 62 has coordinates jCw and^w and intensity /w , 
which represents the total limien output of the white light. The three primary colors. Red, 
Green and Blue chromaticity coordinates and the lumen outputs for each are donated as (xr, 
yR \ (xg> yo ) (xb, ys ) and Ir, Ig, Ib respectively. The total lumen output and the primary 
color limien outputs are related as 

/u-=/v? + /g+/5 (1) 
By normalizing equation (1), the lumen output relationship is defined as 

1=Ir'+IgW (2) 
where Ir ' , Ig ' > fe' are called the lumen output firaction of the primary color sources. With 
the specified chromaticity coordinates of the primary colors and tiie associated lumen output 
fractions, it is possible to generate a specified color, such as white, and represent this desired 
color on the chromaticity diagram via 
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From equation (3) it is possible to uniquely determine the coordinates of color 
points of a light having a desired color with coordinates (xw j^w) and a desired lumen output /w 
based on the primary color points and their associated limien fractions. 
The LED lumen output is determined by 



/,(/,,r)=/.(/^.25C) 



'If' 



MT'25C) 



(4) 



where /v ( If, T) is the luminous intensity at LED forward current I/and ambient temperature 
T, /v ( /test , 25C) is the data sheet Ixmiinous intensity at the forward current /test and 25C, and 
K is the temperature coefficient of the LEDs. A typical K value for AUnGaP is -0.010/C. 
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Therefore, for a given LED, forward current signal and ambient temperature, it is possible to 
determine its lumen output based on equation 4, .in accordance with one embodiment of the 
invention as will be described below. 

Fig. 3 is a flow chart of a process employed by processor 1 8 (Fig. 1) to 
5 identify the coordinates of color points for each of the red, green, and blue LED light sources, 
for example, used in monitor 12. At step 1 10 processor begins a testing procedure to make 
the coordinate estimates. Thus at step 1 12, processor 18 initializes and also sets the number 
of times n, through which the testing procedure will be accomplished. 

At step 114 processor 18 employs equation (4) to estimate the current signal 
10 necessary to establish a Ixraien output levels, /ri , /gi , /bi » respectively for each of the red, 
green and blue LED light sources. The estimated current signal value is then provided to 
controller 20, which provides the current signal to the LED light sources so as to achieve 
their desired output lumen. 

At step 116, processor 18 measures the color coordinates of the light generated 
15 in response to test signal levels set for red, green and blue LEDs. To this end, tristimulus 

filter 14 provides output levels^] , Fwi , and Z^i . From this values, processor 18 calculates 
the corresponding color coordinates Xwi and ywi of the light generated by the combination of 
red, green and blue LEDs based on 



(5) 



20 



25 



(6) 



In accordance with one embodiment of the invention, the testing signals and 
measurements described in reference with steps 114 and 1 16 are repeated three times. For 
each testing measurement a driving signal is provided so as to vary the lumen output level of 
the three red, green and blue LED light sources, so that the three test value sets are 
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wherein the lumen output level for each of the light sources of each testing measurement can 
be derived fi'om equation (4) and the lumen output level of the combined light source /w at 
each testing measurement is measured by 
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= 683 . 7^ (8) 
It is noted that the invention is not limited in scope in that respect. For example there could 
be many more test set values that can be employed in accordance with various embodiments 
of the invention. 

Based on the test set values employed , the system measures and calculates the 
chromaticity coordinates of the white light generated by the three red, green, and blue LEDs 
for each of those sets, so as to derive 
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At step 120, processor 18 calculates the color coordinates of the individual, 
red, green and blue LED light sources as explained hereinafter. Thus, from equation (3) it is 
known that 
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By substituting equations (7) and (9) into (10), the follovdng matrix equation 
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(11) 



is provided. Therefore, the color coordinates of the red, green and blue LED light sources can 
be uniquely solved via 
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under the condition that matrix 
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(13) 
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is nonsingular. This condition can be met if no two test points of 

^ fx \ ' 




(14) 

lay on the same vertical line in the CIE (x^) diagram of Fig. 2. 

In accordance with one embodiment of the invention, processor 18 determines 
5 the color coordinates of the red, green and blue LEDs, and provides these coordinates to 
memory 24 of controller 20. 

To this end processor 26 of controller 20 is configured to maintain a desired 
light color generated by the red, green and blue LEDs by employing equation (3). This 
follows, because the coordinates of the desired light Xw and >Sv are known, hi addition, 
10 memory 24 contains the color coordinate infomiation for the red, green and blue LEDs. 
Therefore, the desired lumen output for each of the red, green and blue LED lights sources 
can be solved. For this desired lumen output, equation (4) provides the desired current signal 
that should be provided to each of the red, green and blue LEDs via a feedback arrangement 
as described in Fig. 1. 

15 In accordance with other embodiments of the invention, processor 1 8 provides 

the mixed color points test values in a suitable range to coordinate with the characteristics of 
the color tristimulus filters being used. For example, in order to achieve well-balanced 
tristimulus color filter outputs, the test points are carefiilly chosen so that the intensity values 
of the three red, green, and blue light sources are balanced. This avoids a considerably higher 

20 intensity value for one or two light sources in comparison with the remaining light source. 
Furthermore, in accordance with another embodiment of the invention the test set lumen 
output levels for the generated light could be chosen such thai /^i = /w2 = /w3 for simpler 
manipulation and for possible flicker removal. As has been experimentally evaluated, less 
than 2% light intensity change is not perceivable by himian eyes. In another embodiment of 

25 the invention, processor 1 8 performs more than three test sets. In that case, processor 1 8 

employs a least-mean-square estimation to derive the color coordinates of red, green and blue 
LEDs. For example, if n (n>3) eligible test sets are used, one needs to solve the following 
equation in ieast-mean-square fashion 
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A solution is 
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where P is the first matrix in equation 15, 1 is the second matrix in equation 15, and Q is the 
5 forth matrix in eqxiation 1 5 . 

In accordance with another embodiment of the invention, the method disclosed 
in connection with Fig. 3 is repeated for a plurality of different room temperatures, and the 
chromaticity coordinates for the red, green and blue LED light sources are measured for each 
of the room temperatuxes and stored in memory 24 (Fig. 1). Thereafter, during the operation 

10 of &e system, a temperature sensor measures the operating temperature of tiie system and 
retrieves the corresponding chromaticity coordinates so as to maintain the desired color for 
the lig^t generated by combining the red, green and blue light sources. 

Furdiermore, the numerical accuracy of identifying color coordinates using the 
embodiments in accordance with the present invention is better than the prior art 

1 5 measurement scheme described in the background of the invention. As mentioned before, the 
prior art measurement arrangement utilized a sequential measurement technique, wherein two 
sets of LEDs were turned off and only one set of LEDs relating to the red, green, or blue 
color remained "on," so as to measure the color coordinates of the tumed "on" LEDs. 

The reason that the sequential arrangement approach is not as accurate as the 

20 teachings of the present invention can be explained in reference with Figs. 5(a) and 5(b). As 
illustrated, the color matching functions x, y and z are spread out along the visible 
wavelength. When only one of the colors, for example Red is measured, with the remaining 
Green and Blue light sources tumed "off," a relatively large measurement value in X is 
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expected. A medium measurement value in Y and a small measurement value in Z is 
expected as well. 

Similarly, if only one of the colors, for example Blue is measured, with the 
remaining Red and Green light sources turned "off," a relatively large value in Z, but smaller 
5 values in X and Y are expected. 

The relative difference of the values of X, Y, and Z could reach one or two 
magnitudes. In an arrangement wherein a digital controller is employed with a finite word 
length, and finite resolution, there will be substantially large relative error for small value 
measurements. 

10 The present invention overcomes this resolution problem, because the three 

primary colors are ON at the same time, and the X, Y, and Z measurements are performed 
simultaneously. Therefore, the values of X, Y and Z have much less diflFerences than the prior 
art arrangement. This results in remarkably less errors in the measurements, and better color 
estimation and control accuracy. 
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1 . A primary color identification system for measuring color chromaticity 

coordinates of a plurality of red, green and blue light emitting diodes (LEDs) that generate a 
combined light, said system comprising: 

a filter located near said LEDs, so as to receive said combined light generated 
by said red, green and blue LEDs; 

said filter configured to provide signals corresponding to light received fi-om 
each of said red, green and blue LEDs; 

said signals provided by said filter enabling measurement of chromaticity 
coordinates of said combined light; 

a processor coupled to said filter and configured to receive said signals 
provided by said filter; 

said processor further configured to generate control signals associated with 
each one of said plurality of red, green and blue LEDs, such that a desired light intensity 
from each of said LEDs is provided; 

a driver circuit coupled to said processor to receive said control signals, said 
driver circuit further coupled to said plurality of red, green and blue LEDs and configured to 
provide drive signals enabling said LEDs to produce said desired Ught.intensity. 

2. The system in accordance with claim 1 , wh^ein 

said processor generates a plurality of test control signal sets, so that said 
LEDs produce a plurality of desired light intensity values in a sequential order; and 

said processor configured to calculate the chromaticity coordinates of each of 
said red, green and blue LED light sources in accordance with said chromaticity coordinates 
of said combined light associated with each of said set of test control signals. 

3. The system in accordance with claim 2, wherein said processor generates at 
least three sets of control signals, so that said LEDs, produce at least three desired light 
intensity values in said sequential order. 
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4. The system in accordance with claim 2 further comprising means to measvire 
light intoisity values corresponding to each one of said red, green and blue LEDs so as to 
generate a combined light having a desired color chromaticity coordinate. 

5. The system in accordance with claim 4, furdier comprising a feedback control 
circuit configured to trade and maintain said light intensity values that generate a combined 
light having said desired color chromaticity coordinate. 



10 



15 



6. The system in accordance with claim 2, wherein said color chromaticity 

coordinates of each one of said red, green and blue LEDs is calcidated based on 3 tests 
according to 
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A^iierein x^^Xq^ x^ and y^yycy Vb ^® color coordinates of each of said red, green, blue and 
^wu ^W2, and j^wIj y^a^ J^w3 are colour coordinates of combined light respectively for each 
of the 3 respective tests in accordance with said test control signals, and /ri, /ou /bi>-*- /g3» 
/b3 resp. /wi, /vy2, /w3 is the intensity value of each of said LEDs, and said combined light 
respectively, in accordance with said test control signals of each of the 3 tests. 
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7. The system in accordance with claim 6 wherein said measurement of said 

color chromaticity coordinates is handled under the condition that the matrix 
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is nonsingular. 

The system in accordance with claim 1, wherein said filter is a tristimulus 



9. A method for identifying color chromaticity coordinates of a plurality of red, 

green and blue light sources that together generate a combined light, said method comprising 
the steps of: 
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setting the intensity of each of said red, green and blue light sources at a 
specified test level; 

measuring the color chromaticity coordinates of the combined light; 

repeating steps (a) and (b) so as to measure a plurality of color chromaticity 
coordinates of said combined light, wherein each of said chromaticity coordinates of said 
combined light correspond to a different set of test intensity levels for each of the red, green 
and blue light sources; 

measuring primary color chromaticity coordinates of each of the red, green 
and blue light sources. 



10. The method in accordance with claim 9, wherein said step of measuring the 
color chromaticity coordinates of said combined light further comprises the step of: 

providing a tristimulus filter near said combined light; and 
calculating said color chromaticity coordinates of said combined light in 
1 5 accordance with signals provided by said tristimulus filter. 

1 1 . The method in accordance with claim 9, fiirther comprising the step of 
estimating light intensity values necessary to obtain said combined light with a desired 
chromaticity coordinates in accordance with said measured light chromaticity coordinates of 

20 each of said red, green and blue light sources. 

12. The method in accordance with claim 1 1, fiirther comprising the step of 
maintaining said estimated light intensity values for each of said red, green and blue light 
sources by employing a feedback arrangement. 



13, The method in accordance with claim 1 1 further comprising the step of 

measuring said color chromaticity coordinates of said combined Ught indicated by JSTw, in 
accordance with 

x„ = ^ _ and 



wherein Xw, Yw and Zw are output signals provided by said filter. 
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14. The method in accordance .with ciaim 13, further con]|)rising the step of 

measuring said color coordinates of each one of said red, green and blue light sources for 3 
tests in accordance with 



1 



ya 
1 



ys 
1 



^yg ya yaJ 



y^ 
1 



yy,i 

1 



•*w3 

yy,3 
1 



^y^i yy»2 yy»3) 



0 
L 0 



0 
0 



0 
0 



u, 



'R2 



^G2 



'R3 



'G3 



wherein x^^x^^ x^ and y^^yo^ y^ are color coordinates of each of said red, green, blue and 
^wb ^W25 ^W3 andj^wu >'w2, y^^ are coloxir coordinates of combined light respectively for each 
of the respective tests in accordance with said test control signals, and /ri, /qi, /bi,. . . /03, /b3 
resp. /wl, /w2» is the intensity value of each of said LEDs, and said combined light 
respectively, in accordance wdth said test control signals of each of the 3 tests. 
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